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E n g i n e e r i n g A ll o s te r ic m u ta ti o n s A ll o s t e r ic m u t a t io n s E v o lu t io n RATIONALE: In this work, we investigate the mechanism of action of allosteric mutations on oligomeric state in the PyrR family of pyrimidine operon attenuators. In this family, an entirely sequence-conserved helix that forms a tetrameric interface in the thermophilic ortholog (BcPyrR) switches to being solvent-exposed in the mesophilic ortholog (BsPyrR). This results in a homodimeric structure in which the two subunits are clearly rotated relative to their orientation in the tetramer. What is the origin of this rotation and the change in quaternary structure? To dissect the role of the 49 substitutions between BsPyrR and BcPyrR, we used ancestral sequence reconstruction in combination with structural and biophysical methods to identify a set of allosteric mutations that are responsible for this shift in conformation. We compared the conformational changes introduced by the mutations to the protein motion during allosteric regulation by guanosine monophosphate (GMP).
†
Evolution and design of protein complexes are almost always viewed through the lens of amino acid mutations at protein interfaces. We showed previously that residues not involved in the physical interaction between proteins make important contributions to oligomerization by acting indirectly or allosterically. In this work, we sought to investigate the mechanism by which allosteric mutations act, using the example of the PyrR family of pyrimidine operon attenuators. In this family, a perfectly sequence-conserved helix that forms a tetrameric interface is exposed as solvent-accessible surface in dimeric orthologs. This means that mutations must be acting from a distance to destabilize the interface. We identified 11 key mutations controlling oligomeric state, all distant from the interfaces and outside ligand-binding pockets. Finally, we show that the key mutations introduce conformational changes equivalent to the conformational shift between the free versus nucleotide-bound conformations of the proteins.
P
roteins diverge during the course of evolution and experience a continuous tradeoff between selection for function and stability (1). Gould and Lewontin described how organisms adapt to different competing demands, while at the same time accumulating traits that occur either due to drift or correlations with selected features (2) . This view can also be applied to proteins, where mutations of individual residues interact and determine fitness, similar to mutations in genes at the level of organisms (3) . Selection is then determined by conditions, both internal (interactions with other macromolecules in the cell) and external (environmental variables such as temperature or pH). Furthermore, due to the difference in the sizes of sequence and structure space, proteins can accumulate destabilizing mutations, as long as they remain stable enough at given conditions (4) .
In previous work, we showed that mutations outside protein interfaces are as important for the evolution of quaternary structure (oligomeric state) as mutations directly within interfaces (5) . This raised the following question: By what mechanism do mutations outside interfaces affect their formation? The most likely hypothesis is that these mutations act by changing either protein conformation or conformational dynamics, analogous to the ways in which allosteric ligands introduce conformational change. Thus, we referred to the indirect mutations as allosteric mutations.
Furthermore, the conformational dynamics of proteins enable functional features such as ligand binding and also contribute to evolutionary plasticity; that is, "evolvability." Protein dynamics are essential for the functions of many proteins (6) and are more conserved at the superfamily level than sequence (7) . Selection favors mutations of side-chain interactions that promote acquisition of the folded state. In the same way, selection is stronger on functionally relevant conformations of the entire protein structural ensemble (8) . The conformation under the strongest constraint is not the one with the lowest free energy but rather the one most similar to the functional, often ligand-bound state.
The protein family we study here is a group of pyrimidine attenuator regulatory proteins, PyrR, present in the Bacillaceae family as well as in some other bacterial species (9) . The PyrR family shows clear evidence of mutations acting allosterically with respect to the protein interface. The change from homodimeric to homotetrameric family members is unmistakably brought about by allosteric mutations: Homologs with different oligomeric states share a helix whose surface is 100% conserved in sequence. This helix forms the tetrameric interface in the homotetrameric family members but is solvent-exposed in the dimeric family members.
Bacillaceae live at a wide range of temperatures, to which the PyrR proteins have adapted. At the same time, PyrR is constrained by the need to conserve its double-stranded RNA binding ability and allosteric regulation by nucleotides. PyrR binds to a stem-loop structure in the nascent mRNA of the pyr operon, which induces formation of the termination loop and attenuates transcription. Uridine monophosphate (UMP) and guanosine monophosphate (GMP) allosterically regulate binding of PyrR to RNA, reflecting the ratio between purines and pyrimidines in the cell (10, 11) (Fig. 1) . As the name suggests, excess pyrimidines, as reflected in UMP binding, attenuate further transcription of the pyr operon.
In this work, we use ancestral sequence reconstruction to infer the allosteric mutations that changed the oligomeric state and thermostability in the PyrR family during the course of evolution. We identify 11 allosteric mutations that decrease thermostability in all PyrR proteins but change the oligomeric state only in the context of inferred ancestral PyrR proteins and not in thermophilic PyrR. We show how these mutations affect oligomeric state indirectly, and we describe this allosteric mechanism: The same internal conformational switch in PyrR proteins is toggled by both an allosteric ligand (GMP) and a small number of mutations.
Results and discussion
Close homologs of PyrR have conserved interface amino acids but different oligomeric states
Using size-exclusion chromatography coupled with multiangle light scattering (SEC-MALS) at room temperature and velocity analytical ultracentrifugation (AUC) at 10°C, we observed that the PyrR oligomeric state differs between Bacillus caldolyticus and B. subtilis homologs and is affected by allosteric regulators such as GMP (Fig. 2) . B. caldolyticus has an optimal growth temperature of 72°C, and its PyrR (BcPyrR) elutes as one peak corresponding to a tetramer (Fig. 2) . Velocity AUC experiments show that the majority of BcPyrR sediments as a tetramer with a minor monomeric species and no apparent dimeric species ( fig. S4) . B. subtilis has an optimal growth temperature of 25°C, and BsPyrR elutes from the size-exclusion column as a broad peak with a range of molecular masses between monomeric, dimeric, and tetrameric oligomeric state (Fig. 2) . In the velocity AUC experiment for BsPyrR, two species were observed to sediment, calculated to have molecular masses corresponding to that of a PyrR dimer and tetramer, respectively ( fig. S4 ). Therefore, BsPyrR exists as a dimer in equilibrium with the monomeric and tetrameric species at low micromolar concentrations, which correspond to the physiological range, as the estimated average concentration of PyrR in B. subtilis cells is 0.4 mM (12).
BcPyrR and BsPyrR have the highest sequence identity of all PyrR homologs of known threedimensional structure with different oligomeric states: 73% sequence identity over 180 residues, corresponding to 49 substitutions, most of which are on the solvent-exposed surface of the protein.
The residues involved in the tetrameric (dimerof-dimers) interface are 100% sequence-identical. These interface residues are also probably involved in RNA-binding (13) and, hence, under purifying selection ( fig. S2) .
A small number of allosteric mutations change the oligomeric state of PyrR
The PyrR protein is present in Bacillus species with diverse optimal growth temperatures, as well as the distantly related bacteria Mycobacterium tuberculosis and Thermus thermophilus, as shown in the phylogenetic tree of this protein family (Fig. 1B) . To trace the mutations changing the oligomeric state between the thermophilic BcPyrR (red) and mesophilic BsPyrR (blue), we focused on the two internal nodes in the phylogenetic tree after the split of the BcPyrR from the last common ancestor of the Bacillus sp. PyrR. We reconstructed the most likely ancestral sequences of the internal nodes (14) . (See the Materials and methods section for details.) In analogy to the color wheel, we named the two inferred ancestral proteins AncORANGEPyrR and AncGREENPyrR (Fig. 1B) .
We used SEC-MALS to reveal that AncORANGEPyrR formed a stable tetramer and that AncGREENPyrR only showed a decrease in the average molecular mass at the lowest concentration (1 mM), from which we imply a presence of a low concentration of lower-oligomeric state species (Fig. 2) . In AUC analysis, both ancestral proteins displayed similar distributions of sedimenting species, as seen for BcPyrR ( fig. S4 ). Therefore, we infer that evolution of the dimeric state occurred toward the terminal branches of the PyrR phylogenetic tree, between AncGREENPyrR and BsPyrR. There are 12 substitutions and three insertions or deletions (a set of 15 mutations we refer to as m 3 ) between AncGREENPyrR and BsPyrR ( fig. S19 ). As our goal is to identify the smallest subset of allosteric mutations that clearly change the oligomeric state, we excluded four of these mutations: three insertions or deletions and one substitution [Glu 4 →Gln 4 (E4Q) (15) ], which is a revertant to the same amino acid as in the tetrameric BcPyrR. Two of the insertions or deletions were at each of the termini, and the third one was in a flexible loop. We would not expect these three changes to have a major effect on the structure. Eleven substitutions (11/m 3 ) were different between BsPyrR and all the tetrameric PyrRs (BcPyrR, AncORANGEPyrR, and AncGREENPyrR). To confirm their role in the shift of the oligomeric state, we inserted them into the stable PyrR tetramer AncORANGEPyrR, producing the engineered protein VIOLETPyrR (Fig. 3) . The 11 substitutions destabilized the AncORANGEPyrR tetramer: VIOLETPyrR has similar SEC-MALS and AUC profiles as BsPyrR ( Fig. 2 and fig. S4 ). Thus, these mutations, none of which are in the tetrameric interface, shift the oligomeric state through an indirect, allosteric mechanism.
Do these mutations turn any PyrR homolog into a dimer? We grafted the 11 allosteric mutations into the tetrameric BcPyrR, forming the engineered protein PURPLEPyrR. Surprisingly, PURPLEPyrR remains tetrameric, even at the lowest concentration ( Fig. 3B and fig. S4 ). This implies that these 11 allosteric mutations have an epistatic interaction with the 32 m 1 mutations that separate BcPyrR and AncORANGEPyrR. Epistasis between amino acid substitutions is known to be ubiquitous in proteins, as described in multiple recent publications (3, 16, 17) .
To pinpoint the key oligomeric state-switching mutations, we further tested the effect of two nonoverlapping sets of residues within the 11 allosteric mutations, represented by PLUMPyrR (3/m 3 ) and MAGENTAPyrR (8/m 3 ). We selected the three mutations in PLUMPyrR based on the proximity of these residues to the dimeric interface, expecting them to have the largest effect on the intersubunit geometry. Both subsets of mutations had independent effects on the oligomeric state ( Fig. 3) , as the equilibria of both PLUMPyrR and MAGENTAPyrR were shifted toward the dimeric state at the lowest protein concentrations in SEC-MALS, with the appearance of a dimeric species in AUC ( fig. S4 ). This implies that these two small sets of mutations contribute to the oligomeric shift in a cumulative manner. UMP allosterically promotes the binding of RNA, whereas the addition of GMP decreases the affinity for RNA (11) . Different Bacillus species live in various environments and are adapted to different optimal growth temperatures. (B) The phylogenetic tree of Bacillus PyrR proteins (inferred using Bayesian MCMC) shows the variety of optimal growth temperatures for different Bacillus species: B. caldolyticus lives at temperatures higher than 70°C, and at room temperature, its PyrR is a homotetramer. B. subtilis optimal growth temperature is 25°C, and at room temperature, its PyrR is in equilibrium between a homodimer and a homotetramer (illustrated here as just a dimer for simplicity). Analysis of the reconstructed ancestral sequences shows that the change from a tetramer to a dimer occurred on the final (blue) branches of the tree, where 15 allosteric mutations (m 3 ) turn a tetrameric AncGREENPyrR into a dimeric BsPyrR. A subset of 11 of those allosteric mutations (11/m 3 ) also switches the oligomeric state in the context of the ancestral AncORANGEPyrR. LCABacillusPyrR, last common ancestor of the Bacillus sp. PyrR.
homodimeric BsPyrR) lives in soil with optimal growth at 25°C, and B. caldolyticus (with the homotetrameric BcPyrR) exists in alkaline hot springs with the optimal growth at 72°C (19) .
We recorded the circular dichroism (CD) spectra at temperatures from 20°to 90°C for all of our PyrR constructs (Fig. 3C ). Their thermal unfolding was irreversible, and all but BsPyrR and PURPLEPyrR unfolded in a single phase. This was sufficient to estimate the thermal stability of PyrR proteins along the evolutionary tree. BcPyrR shows no variation in the CD spectra up to 70°C, when it suddenly unfolds cooperatively. BsPyrR, however, exhibits changes in helicity at temperatures as low as 35°C, finally unfolding completely at 75°C. We could not determine from the CD spectra which of the secondary structure changes occur at low temperatures in BsPyrR. However, plotting ellipticity for different wavelengths suggests an exchange between a-helical and b-sheet structure ( fig. S5 ).
AncORANGEPyrR thermal unfolding follows the same pattern as that of BcPyrR, with unfolding taking place at 80°C rather than 70°C. This stabilization of 10°C is most probably an artifact of ancestral protein sequence reconstruction, which has been suggested to overestimate protein stability due to a bias toward more stabilizing mutations in the evolutionary substitution models (20) . Notably, VIOLETPyrR, which differs from AncORANGEPyrR by just the 11 mutations, unfolded at a considerably lower temperature than AncORANGEPyrR, whereas PLUMPyrR and MAGENTAPyrR have intermediate thermostability (Fig. 3C) .
This observation raises the question as to the mechanism for the thermal destabilizing effect of the 11 mutations. They could be affecting thermal destabilization through the switch in oligomeric state or by changing the polarity of the protein surface. Both residue composition and oligomeric state have been suggested to play a role in protein thermostability (21) . A higher oligomeric state is proposed to increase thermostability by burying more residue surface area. It has also been repeatedly observed that thermophilic bacteria have more charged residues and fewer polar residues compared with mesophilic organisms. This bias is especially pronounced when only surface residues are taken into account (22) .
To deconvolute whether it is the residue propensity or the oligomeric state that plays the main role in the differences in thermostability of PyrR, we took advantage of the engineered PURPLEPyrR, which has the 11 allosteric mutations but is still tetrameric. Although all but the 11 allosteric residues of PURPLEPyrR are the same as in the thermophilic BcPyrR, the CD measurements show that tetrameric PURPLEPyrR has decreased thermostability compared with that of BcPyrR. We thus infer that it is the change in thermophilic propensity of surface residues, and not the change in the oligomeric state, that plays a major role in the change of PyrR thermostability.
To dissect this in detail, we bioinformatically define the residue thermophilic propensity as the log ratio of amino acid frequencies between the solvent-exposed surfaces of proteins from thermophilic and mesophilic organisms (22) . Thus, we calculated how mutations along the PyrR tree change this thermophilic propensity. As expected, the mutations increase the thermophilic propensity on the branches from AncORANGEPyrR toward BcPyrR and decrease toward BsPyrR. Moreover, the largest decrease in thermophilic propensity occurs between AncGREENPyrR and BsPyrR, the branch that also corresponds to the switch toward the dimeric state ( fig. S6 ). From this, we infer that the 11 allosteric mutations are part of a more general "downhill" adaptation to lower temperatures. Thus, the switch in oligomeric state of free PyrR co-occurs with the evolutionary adaptation to lower temperatures of B. subtilis as compared with B. caldolyticus. How is this dimer-tetramer switch affected by mutations that are distant from all of the intersubunit interfaces? To answer this question, we investigated the oligomeric states during allosteric regulation by ligands in this protein family.
The allosteric regulators UMP and GMP control oligomeric state Previous in vivo and biochemical experiments showed that the PyrR binding to the leader RNA sequence (PyrR binding loop) of the pyr operon is regulated by small molecules such as UMP and GMP (10, 11) . Higher concentrations of pyrimidines increase the affinity of PyrR for the PyrR binding loop and, in turn, attenuate transcription of the pyrimidine synthesis operon. Higher concentrations of purines, on the other hand, decrease the affinity for the binding loop, which in turn increases the transcription of the pyrimidine synthesis operon (9) (Fig. 1) . As allosteric regulation usually affects conformational change, we wanted to investigate how GMP and UMP influence PyrR conformation and oligomeric state.
We analyzed the oligomeric state of BsPyrR and BcPyrR by SEC-MALS upon addition of allosteric ligands and observed that both UMP and GMP stabilize the tetrameric state of PyrR (Fig. 2  and fig. S3 ). This is especially prominent in the case of BsPyrR, where addition of nucleotides shifts the equilibrium toward a higher oligomeric state. The RNA-bound form of PyrR, not investigated here, is likely to be dimeric, based on analytical ultracentrifugation (11) and mutagenesis experiments (13) .
This means that the effect of the 11 allosteric mutations is similar to that of RNA and opposite to the nucleotide ligands, which stabilize the tetrameric state. The 11 allosteric mutations are also allosteric with respect to the nucleotide-binding site: Each of the 11 residues is 10 Å or more away from the bound GMP molecules.
Overall, though different ligand-bound and RNAbound forms of the protein sample both dimeric and tetrameric states, the 11 mutations shift the free-protein equilibrium toward the dimeric state in this landscape of different conformations.
Both mutations and ligands shift oligomeric state by changing intersubunit geometry
To determine the structural changes that occur when the allosteric mutations switch the oligomeric state in the PyrR family, we solved four x-ray crystal structures: AncORANGEPyrR, AncGREENPyrR, VIOLETPyrR, and BsPyrR+GMP (table S2) . We then compared these structures to those of BcPyrR and BsPyrR (23, 24) .
In our previous work, we hypothesized that evolutionary changes in oligomeric state can arise from difference in intersubunit geometry within a protein complex (5) . If this were true for the PyrR family, we would expect the dimeric structures to have distinct intersubunit geometries as compared to the tetrameric structures.
Superimposing the dimeric BsPyrR on the BcPyrR tetramer shows an 8°rotation around the dimeric interface (Fig. 4A and fig. S1 ). This conformation of BsPyrR is not compatible with the tetrameric oligomeric state, as the two helices that would form the dimer-of-dimers interface are pulled apart by more than 5 Å. The 11 mutations affect the same difference in conformation. Dimeric VIOLETPyrR and tetrameric AncORANGEPyrR, which differ by the 11 mutations, exhibit the same relative rotations between subunits within the dimer (Fig. 4) . The subset of three allosteric mutations introduced into PLUMPyrR from AncORANGEPyrR leads to the same geometric change, where PLUMPyrR has a 9°intersubunit rotation as compared with AncORANGEPyrR ( fig. S8) .
How does this compare with the difference between free, dimeric BsPyrR and tetrameric GMP-bound BsPyrR? Addition of GMP introduces a 10°rotation, changing the protein conformation into the one compatible with forming the dimer of dimers (Fig. 4) . The tetrameric GMPbound BsPyrR structure is similar to the tetramers formed by free BcPyrR and AncORANGEPyrR ( fig. S8 ). There is a subtle 3.6°subunit rotation around the dimeric interface between the GMP bound form of BsPyrR and AncORANGEPyrR. However, their tetrameric interfaces superimpose almost perfectly, with an average atomic distance difference in the tetrameric interface helices of less than 1 Å.
In summary, homologous dimers all have a similar set of intersubunit geometries, equally different from the intersubunit geometries of tetramers. The tetramers exhibit limited variations in their geometries, all of which are substantially smaller than the differences between the dimers and tetramers. As the geometries of the dimers and tetramers are so clearly distinct from each other, we conclude that the 11 allosteric mutations affect oligomeric state in a manner almost identical to the allosteric ligand GMP.
How does this change in intersubunit geometry come about? This is not immediately evident by inspecting the individual monomeric subunits ( fig. S9 ) or the dimeric interfaces (5) between the dimeric and tetrameric proteins, as they all superpose well. To look for the subtle structural differences that could account for the observed differences in conformation and oligomeric state, we used the residue-residue interaction network approach (25) (26) (27) (28) . With this approach, the protein structure is reduced to a network in which each node represents a residue and each edge represents a physical interaction between two residues. This allows for an unbiased analysis of structures by using graph theoretical methods, as illustrated in fig. S10 .
The tetrameric AncORANGEPyrR and dimeric VIOLETPyrR contact networks differ in~15% of their contacts, and these differences are nonuniformly distributed around the network (Fig.  4B and fig. S11 ). To estimate how much each residue contributes to the difference in residueresidue contacts, we determined the number of contact changes in two shells around the amino acid of interest. To maintain information on residue connectivity, which has been shown to determine residue evolvability (29), we used the absolute number of rewired residue contacts rather than normalizing by total number of contacts. This is because rewiring the contacts of a buried residue with a high connectivity will have a larger structural effect than rewiring a residue with lower connectivity.
Three out of the 11 allosteric mutations (L68I, K84D, and A118G) exhibit dramatic rewiring of contacts (Fig. 4B) . Specifically, when comparing AncORANGEPyrR with the dimeric structures (BsPyrR, VIOLETPyrR, and PLUMPyrR), these residues rewire more contacts than the average buried PyrR residue by between one and two standard deviations ( fig. S12 ). L68 and A118 are completely buried in the protein interior, whereas K84 is in the more flexible part of the protein, changing its accessible surface area between different conformations.
Moreover, L68 and A118 are the two residues at the center of the largest rewiring events in the transition from the dimeric BsPyrR to the tetrameric BsPyrR+GMP. This means that the structural changes due to the L68I and A118G mutations mimic the key residue rewiring events that occur upon GMP binding. Thus, the evolutionary mutations and the allosteric ligand GMP share a common mechanism for achieving an identical intersubunit rotation, leading to the same shift in oligomeric state.
The stability difference between PyrR tetramers is coupled to changes in the dynamics of dimeric units
Above we noted that small differences, either via mutation or ligand binding, affect the wiring of residue contact networks. This suggests a small energy difference between the two main conformations of PyrR. Thus, we might expect both of these conformations to be sampled by the vibrational normal modes that describe the intrinsic dynamics of dimeric PyrR.
We compared the similarity of the intrinsic dynamics of different PyrR dimers (both the dimeric PyrRs and the halves of tetrameric PyrRs) by comparing their flexibility calculated with elastic network modeling (ENM) (30) . ENM provides a distribution of fluctuations around the equilibrium conformation for each structure, and the overlap of these distributions between different structures can be described by the Bhattacharyya coefficient (BC). We have previously shown that the BC ranges between 0.85 and 1 for members of the same protein family (31) . Accordingly, the differences between all PyrR proteins are in this range (between 0.83 and 0.98).
Furthermore, it is clear that the pattern of flexibility is more similar among the three dimers (BsPyrR, VIOLETPyrR, and PLUMPyrR) than the three tetramers (AncORANGEPyrR, PURPLEPyrR +UMP, and BsPyrR+GMP) (Fig. 5A) . The BsPyrR dimer and BsPyrR+GMP tetramer had a similarity score of 0.87, whereas BsPyrR and other dimers (VIOLETPyrR and PLUMPyrR) had higher pairwise similarity scores reflecting more similar dynamics. This illustrates that similarities in intrinsic dynamics among the PyrR proteins are not a simple function of sequence identity, given the fact that BsPyrR+GMP and BsPyrR have the same sequence and VIOLETPyrR is closer in sequence to AncORANGEPyrR than to BsPyrR. The clustering based on the BC score seen in Fig.  5A matches the clustering based on their root mean square deviation (RMSD) (fig. S14) . Although BC and RMSD compare different properties of structures, here the structures with the highest BC score also have the lowest RMSD, which confirms that the structural changes are encoded in the intrinsic dynamics of these structures.
It has repeatedly been shown that the conformational difference, either between functional conformations or even homologs, can be sampled by a combination of a few low-frequency normal modes of the protein (32) (33) (34) (35) (36) . We found that a few lowest-frequency modes of PyrR proteins describe the transition between a tetramer and a dimer, both in the case of the transition being induced by allosteric ligands and by allosteric mutations.
In particular, the mode of the BsPyrR+GMP protein with the second lowest frequency also captured 44% of the transition from this tetramer to the dimeric BsPyrR structure. This mode is very similar to the three lowest-frequency modes of tetrameric AncORANGEPyrR. The second-lowest-frequency mode of this tetramer also contributes most to the conformational change between AncORANGEPyrR and the dimeric VIOLETPyrR, which differ by just the 11 mutations ( fig. S15C ). For both tetramers, the transition to the dimer occurs via the low-frequency normal modes that describe the same type of motions in the structure (movies S3 to S5). This mode corresponds to the overall subunit rotation (and translation) required to go from one state to the other, as described in Fig. 4A .
The difference between correlations in residue motions between a dimer and a tetramer were particularly clear when comparing the correlations of dimeric and tetrameric interface residues between AncORANGEPyrR and VIOLETPyrR. In AncORANGEPyrR, the residues from the tetrameric interface exhibit correlations across the subunit and between the two tetrameric interface helices of the two subunits of a dimer, whereas in VIOLETPyrR the majority of the specific correlations are located close to the dimeric interface (Fig. 5B and fig. S16 ). Furthermore, we observed that the residues corresponding to 3 out of the 11 allosteric mutations (K62P, L68I, and A118G) are within the largest regions that undergo a collective change in intrinsic dynamics from one oligomeric state to the other. The residue corresponding to the V8I mutation also experiences a notable gain in correlation in both tetramers, related to its proximity to the tetrameric interface and the overall difference seen in that region ( fig. S16C ). (Details of the statistical analysis of the correlated dynamics are described in the supplementary materials and fig. S17 .)
It is important to emphasize that the dynamics were calculated for the dimeric halves of the tetrameric PyrR structures. This means that the observed differences do not stem from the additional residue contacts in the tetrameric (dimer-ofdimers) interface but are solely due to the conformational differences between the dimer and the equivalent half of the tetramer. Thus, the conformational differences between different PyrR proteins are encoded in their intrinsic dynamics, and relatively small effects, such as ligand binding or a small number of strategic mutations, can use these dynamics to toggle an intrinsic conformational switch and change the quaternary structure.
Conclusions
Reconstituting the PyrR sequences and analyzing their biophysical properties enables us to recapitulate the evolutionary history of the family (Fig. 1B) . In one part of the phylogenetic tree, PyrR has adapted to remain stable and functional at extremely high temperatures (BcPyrR), whereas in the other part (after the AncGREENPyrR node) the organisms have adapted to life at lower temperatures (25°C). It is known that many proteins pair of residues is moving in a concerted, correlated manner in either only the dimeric VIOLETPyrR (yellow edges) or the tetrameric AncORANGEPyrR (green edges). The residues corresponding to the 11 allosteric mutations (11/m 3 ) are shown in red. The sets of residues with correlation differences shown here have a cluster size of more than three and fall within the correlation difference threshold of 0.1. (Both threshold values were chosen for the sake of clarity; see figs. S16 and S17 for a more exhaustive analysis of the correlation differences.) maintain marginal stability, and one would thus expect the protein stability to reflect the differences in environmental temperatures. This can be explained by the simple fact that the selection pressure for increased stability is relaxed at mesophilic temperatures, meaning that proteins can accumulate destabilizing mutations until they reach marginal stability (4).
However, high stability can come at the expense of increased conformational rigidity, and a protein adapted to be stable at high temperatures may not be flexible enough to perform its function at a lower temperature (37) . Whether it was adaptational or simply drift in the case of PyrR, downhill mutations lowered thermostability while at the same time selection for maintaining the RNA binding site and allosteric regulation acted continuously throughout evolution. The accumulated downhill mutations caused small and cumulative changes sufficient to switch oligomeric state in the absence of mutations in the actual tetrameric interface. This change in the stability of the tetramer may have been an evolutionary by-product, demonstrating the power and importance of indirect and structurally allosteric mutations.
We have shown that the change in oligomeric state occurred through an interplay of mutations affecting residue contact networks, intrinsic dynamics, and thermostability. At the same time, for 6 out of the 11 mutations, we were able to estimate relative contributions to each of these properties (Fig. 6) . The K84D mutation, which is in the part of the structure that seems to be disordered in some of the conformations, is predicted to affect all three properties simultaneously. The G172Q and K181N mutations in surface residues are predicted to contribute substantially to the change in thermostability. L68I and A118G are mutations in buried residues at the center of a large residue-residue rewiring event in the transition from dimer to tetramer, both in evolution and ligand binding. Both residues are also part of a region of the protein with highly correlated dynamics. K62P is a mutation in a surface residue, weakly connected to the rest of the structure but part of a region with highly correlated motions where a change has a profound effect on protein dynamics.
Here we showed compellingly how mutations in residues outside the interface can introduce rearrangements that have a knock-on effect on the interface itself. We hope that the importance of mechanisms of allosteric mutations will become increasingly clear with the advancement of methods that accurately predict effects of mutations, as well as methods for engineering proteins with multiple functional conformations.
Materials and methods
Ancestral sequence reconstruction
To reconstruct the ancestral PyrR sequences between the dimeric BsPyrR and the tetrameric BcPyrR, we retrieved all of the PyrR protein sequences from UniProtKB, including the sequences of two outliers: PyrR from M. tuberculosis and T. thermophilus. We used MUSCLE (38) to calculate a multiple sequence alignment of the PyrR proteins ( fig. S18 ). We performed Bayesian inference with MrBayes version 3.1 (39) . The evolutionary tree topology, branch lengths, and sequences of ancestral nodes were calculated from a PyrR protein alignment by using an estimated fixed-rate evolutionary model. The gaps in the ancestral sequences were determined using the F81-like model for binary data implemented in MrBayes (40) . More details can be found in the supplementary materials.
Oligomeric state analysis by SEC-MALS
We resolved the protein samples on a Superdex S-200 10/300 analytical gel filtration column (GE Healthcare) pre-equilibrated with 50 mM Tris pH 7.5, 150 mM NaCl, and 1 mM DTT at 0.5 ml/min. We performed the measurements using an online Dawn Heleos II 18-angle light-scattering instrument (Wyatt Technologies) coupled to an Optilab rEX online refractive index detector (Wyatt Technologies) in a standard SEC-MALS format. We used the ASTRA v5.3.4.20 software (Wyatt Technologies) to determine the absolute molecular mass from the intercept of the Debye plot using Zimm's model (41) and analyzed the light scattering and differential refractive index. We determined the protein concentration from the excess differential refractive index based on dn/dc of 0.186 mg/ml (where dn is the change in refractive Fig. 6 . Summary of mutational mechanisms. A small number of allosteric mutations are responsible for the evolutionary difference in oligomeric state, thermostability, and dynamics of PyrR homologs. We show the mechanism(s) by which each mutation acts, and we summarize similar mutations using the same color scheme.
index and dc is the change in concentration). To determine the interdetector delay volumes, band-broadening constants, and the detector intensity normalization constants for the instrument, we used bovine serum albumin as a standard before sample measurement.
X-ray crystallography
All crystallization trials were performed with 15 to 20 mg/ml of protein, and the sample buffer was supplemented with 10 mM MgCl 2 . AncPUR-PLE crystallized with 1.2 times excess UMP and BsPyrR with 2 times excess GMP. AncGREENPyrR and BsPyrR were additionally supplemented with 400 mM (NH 4 ) 2 SO 4 to obtain crystals. We set up 100-nl protein-drop crystallization trials with the in-house MRC Laboratory of Molecular Biology screen (42) . We collected the x-ray diffraction data at the Diamond Synchrotron (Oxford, UK). The data were processed in the CCP4 suite (43) . See the supplementary materials for details on crystallization conditions and data processing. All of the structures were solved using molecular replacement with Phaser (44), rebuilt with Coot (45) , and refined with Refmac5 (46).
Structural superpositions and intersubunit geometry comparisons
Intersubunit geometries of all PyrR structures (Fig. 4 and fig. S8 ) were compared as described previously in (5) and are illustrated in fig. S1 . We superimposed individual subunits using a sievefit approach, described by Arthur Lesk, used notably in (47) , and implemented more recently in the Bio3D package for R (48) . With sieve-fit, subunits are structurally aligned using only residues that are superposable with a RMSD below 0.5 Å. These residues then define the structural core of the subunit with its corresponding center of mass. We first sieve-fit only subunit A of the complex and then re-sieve-fit the B subunit, noting how much the center of mass needs to deviate from its original position (as an angle of rotation and vector of translation).
Normal mode analysis
We studied the intrinsic dynamics of all PyrR proteins for which we had high-quality structures (meaning solved to a high resolution and not having more than a few residues missing from the structure). These structures were AncORANGEPyrR, VIOLETPyrR, PLUMPyrR, and PURPLEPyrR with UMP, as well as the wild-type B. subtilis PyrR with and without GMP. We performed the calculations, using the Ca atom elastic network model implemented in the Molecular Modeling ToolKit (49), on the dimeric units (dimers and halves of tetramers). The GMP and UMP ligands were modeled into the B. subtilis PyrR and the PURPLEPyrR structures by placing dummy nodes at the C4′, N9, and N1 or C4′, N1, and C4 positions of the bound nucleotides in both subunits, respectively.
To compare the intrinsic dynamics of these structures, we used a structural alignment obtained from MUSTANG (50). The BC (31, 51) was used as a measure of similarity in flexibility, with a score from 0 (completely dissimilar) to 1 (identical). Furthermore, the correlation matrices were calculated from the 100 lowest-frequency modes (52) . (For more details, refer to the supplementary materials.) The conformational overlap analysis of BsPyrR and BsPyrR+GMP, as well as AncORANGEPyrR with PLUMPyrR and VIOLETPyrR, to obtain the modes that contribute to the transition from the tetrameric state to the dimeric state was done according to Reuter et al. (35) . We calculated overlaps between the modes of dimeric halves of tetramers and the structural difference vectors between the dimeric half of the tetramer and the corresponding dimer.
Thermostability
We estimated the thermostability of the PyrR proteins by measuring the CD 210-to 260-nm spectrum of each protein over a range of temperatures (from 20°to 90°C). We heated the proteins gradually and continuously (0.2°C per min) and collected the spectrum every 5°C. The proteins were measured at an approximate concentration of 5 mM. All measurements were done on a Chirascan CD Spectrometer (AppliedPhotophysics). Mean residue ellipticity for each protein at each 5°C temperature point was calculated as the degrees of CD corrected by exact protein concentration and the length of the protein (number of amino acids).
